Background: High circulating low-density lipoprotein cholesterol (LDL-C) is a major risk factor for atherosclerosis and age-associated cardiovascular events. Long-term dyslipidaemia could contribute to the development of frailty in older individuals through its role in determining cardiovascular health and potentially other physiological pathways. Methods: We conducted Mendelian randomization (MR) analyses using genetic variants to estimate the effects of long-term LDL-C modification on frailty in UK Biobank (n = 378,161). Frailty was derived from health questionnaire and interview responses at baseline when participants were aged 40 to 69 years, and calculated using an accumulation-of-deficits approach, i.e. the frailty index (FI). Several aggregated instrumental variables (IVs) using 50 and 274 genetic variants were constructed from independent single-nucleotide polymorphisms (SNPs) to instrument circulating LDL-C concentrations. Specific sets of variants in or near genes that encode six lipid-lowering drug targets (HMGCR, PCSK9, NPC1L1, APOB, APOC3, and LDLR) were used to index effects of exposure to related drug classes on frailty. SNP-LDL-C effects were available from previously published studies. SNP-FI effects were obtained using adjusted linear regression models. Two-sample MR analyses were performed with the IVs as instruments using inverse-variance weighted, MR-Egger, weighted median, and weighted mode methods. To address the stability of the findings, MR analyses were also performed using i) a modified FI excluding the cardiometabolic deficit items and ii) data from comparatively older individuals (aged ≥60 years) only. Several sensitivity analyses were also conducted. Findings: On average 0.14% to 0.23% and 0.16% to 0.31% decrements in frailty were observed per standard deviation reduction in LDL-C exposure, instrumented by the general IVs consisting of 50 and 274 variants, respectively. Consistent, though less precise, associations were observed in the HMGCR-, APOC3-, NPC1L1-, and LDLR-specific IV analyses. In contrast, results for PCSK9 were in the same direction but more modest, and null for APOB. All sensitivity analyses produced similar findings. Interpretation: A genetically-predicted life-long lowering of LDL-C is associated with decreased frailty in midlife and older age, representing supportive evidence for LDL-C's role in multiple health-and age-related pathways. The use of lipid-lowering therapeutics with varying mechanisms of action may differ by the extent to which they provide overall health benefits.
Introduction
High circulating low-density lipoprotein cholesterol (LDL-C) is a key driver of atherosclerosis-an ageing and cellular senescence-related process responsible for the high morbidity and mortality of cardiovascular diseases (CVDs) and other age-related diseases affecting older populations worldwide [1] [2] [3] . LDL-C has a pro-atherogenic role via several modified species, including oxidized LDL, acetylated LDL, ethylated, methylated, and glycated LDL, all of which promote vascular injury by increasing oxidative stress and accelerating senescence of endothelial progenitor cells through modifications and damage to DNA [4] . The critical contribution of LDL-C to atherosclerotic pathology is also underscored by accumulating epidemiologic evidence that the widely used statin therapy (with or without other non-statin lipid-modifying agents) with well-established efficacy in lowering LDL-C has achieved great success in reducing cardiovascular events [5] . Moreover, cumulative evidence suggests that there is not yet an ideal attainment of LDL-C lowering target for the cardiovascular risk reduction [6] .
Frailty has gained scientific attention in gerontology and geriatrics in the past few decades due to its consistent association with all-cause mortality and various negative health outcomes that present in older individuals [7] . One commonly used frailty measure is the Fried frailty phenotype, classifying individuals as non-frail, pre-frail and frail with respect to the presence of five physical components (unintentional weight loss, self-reported exhaustion, weakness, slow walking speed and low physical activity) [8] . Another generally accepted operationalization of frailty is the frailty index (FI), which is a continuous measure and calculated as a ratio of the number of age-related health deficits to the number of total deficits considered [9] . As a proxy of overall health, the deficits constituting an FI can be symptoms, signs, diseases, and functional impairments. Hence, FI measurements consider different aspects of health simultaneously and are strongly predictive of many adverse health outcomes, including functional decline, disability, falls, fractures, morbidity and mortality [10] .
Mendelian Randomization (MR) is an approach which uses genetic variants to assess whether a risk factor has a causal effect on an outcome in a non-experimental (observational) setting [11, 12] . MR relies on the natural, random assortment of genetic variants during meiosis yielding a random distribution of genetic variants in the population. In the MR design, genetic variants associated with a biomarker (e.g., LDL-C) as instrumental variables (IVs) are then proxies for the biomarker itself and can be used to determine whether the biomarker is causally associated with an outcome (e.g., FI) [13] . The MR framework is illustrated in Fig. 1 . Three main assumptions are made for MR inference: [1] the genetic variant (e.g., SNP, single nucleotide polymorphism) has a robust causal association with the risk factor of interest; [2] the genetic variant (e.g., SNP) affects the outcome only through its effect on the risk factor; and [3] the genetic variant and the outcome do not have common causes. Because the genetic variants are typically unassociated with confounders due to the independent and random allocation of alleles at conception, differences in the outcome between those who carry the variant and those who do not can be attributed to the difference in the risk factor [14] .
Considering the evidence that atherosclerosis is linked to the ageing process [15] and given the causal association between LDL-C and atherosclerosis, we hypothesize that long-term LDL-C lowering leads to improved overall health. However, LDL-C lowering can be achieved through several approved therapeutics classes, which have different mechanisms of action and may affect overall health to different degrees (encapsulating lipid-lowering effects along with any other on-and offtarget physiological effects). In this study, we investigated the association between the genetically-predicted life-long lowering of LDL-C concentrations and frailty in the UK Biobank (UKB) study, a large-scale cohort with over 500,000 participants. Additional attention was paid to potential effects on the frailty index (FI) from existing LDL-C lowering therapeutics instrumented by genetic variants which index the modulation of several well-known drug targets.
Methods

Study population and design
The UKB is a multi-centre cohort study with over 500,000 British participants aged 40 to 69 years, enrolled at 22 assessment sites in England, Scotland and Wales between 2006 and 2010 [16] . All participants undertook a baseline assessment, relevant items of which were detailed
Research in context
Evidence before this study High levels of low-density lipoprotein cholesterol (LDL-C) is a major risk factor for atherosclerosis and age-associated cardiovascular events. Long-term dyslipidaemia could contribute to the development of frailty in older individuals, either solely or beyond its role in determining cardiovascular health. We searched PubMed without language or publication date restrictions for ("low-density lipoprotein cholesterol" OR "LDL-C" OR "LDL") AND ("frailty" or "frail") through Mar 22, 2019. About 12 articles were retrieved. However, only one observational study evaluated the association between LDL-C and frailty directly, observing no association between them. Besides, no study using the Mendelian Randomization (MR) design, as in the current study, was reported.
Added value of this study
An MR design was used to analyze the non-confounded effect of genetically predicted low lipid levels on frailty. The European individuals enriched with lipid-lowering alleles from SNPs associated with LDL-C concentrations presented a lower risk of being frail as assessed by the frailty index (FI). The LDL-C and FI association was verified to be independent of cardiometabolic traits. Meanwhile, the effect on FI reduction in response to life-long lowering of LDL-C concentrations turned slightly larger when excluding the comparatively young participants aged b60 years, suggesting that genetic predisposition to low LDL-C concentrations decreases the risk of being frail later in life. We also profiled genespecific effects from loci that index the modulation of existing and emerging lipid-lowering drug targets (e.g., HMGCR, APOC3, and LDLR), and found evidence that the on-target effects of classes used to lower LDL-C may contribute notable differences to the overall health of users.
Implications of all the available evidence
All available evidence highlights the importance of LDL-C monitoring during the ageing process, especially since the association with the FI was independent of any detected atherosclerotic pathogenesis. Genetically-predisposed low LDL-C concentration is associated with overall better health among the European ancestry population although more studies are still needed to evaluate the relationship between the life-long lowering of LDL-C concentrations and other geriatric diseases and/or traits. The implication that different LDL-C lowering therapeutics could affect frailty at differing degrees may also indicate need for pharmacovigilance regarding recently introduced drug classes, such as PCSK9 inhibitors and ApoB antisense therapeutics. All these results may provide some evidence for the efficacy of LDL-C lowering therapies in the treatment of age-related diseases other than CVDs. in another report [16] . Genome-wide genotype data were available for all participants. SNP data were retained if they had a genotype call rate ≥ 0.8 and non-ambiguous alleles (not palindromic with allele frequencies of 0.4 to 0.6). We used data from European ancestry participants for analysis. We controlled for relatedness between individuals in the sample by randomly dropping one relative within pairs with kinship thresholds of 0.1768 or 0.0442, yielding corresponding sample sizes of 378,161 or 335,034 in our study, respectively.
A two-sample MR design was used to explore the associations between genetically-predicted lipid-lowering effects and the FI, details of which are presented below. Multiple SNPs were combined to evaluate the genetic LDL-C concentrations. Using multiple genetic variants increases the power of an MR investigation compared with an analysis based on a single variant [17] . However, when using multiple genetic variants from different gene regions in an MR analysis, it is highly implausible that all the genetic variants satisfy the instrumental variable assumptions [18] . To address the inflation effect of invalid instrumental variables, MR-Egger regression, weighted median, and weighted modal estimators can be used [19] [20] [21] [22] . The SNP-LDL-C effects were derived from the genome-wide associations based on 188,578 individuals of European ancestry and published by Global Lipids Genetics Consortium (GLGC) [23] and the variant-FI effects were estimated in UKB. We predicted the effects of LDL-C modification generally, using either independent SNPs not in linkage disequilibrium (LD) (pairwise r 2 values b0.2),
or that reported strong effect on LDL-C relative to other lipid effects [24] , and via exposure to specific lipid-lowering drugs using variants in or near six genes (HMGCR, PCSK9, NPC1L1, APOB, APOC3, and LDLR) that encode representative drug targets.
Frailty index
A standard FI was developed as described previously [16] , involving 49 items covering 11 types of deficits (sensory, cranial, mental wellbeing, infirmity, cardiometabolic, respiratory, musculoskeletal, immunological, cancer, pain, and gastrointestinal) indicating ill health across a variety of physiological and mental domains, symptoms, diagnosed diseases, and disabilities, assessed via questionnaire and interview at the cohort's baseline assessment. An FI value is composed as the sum of deficits accrued by an individual divided by the total number of deficits composing the FI, e.g. an individual with 10 deficits from a total of 50 items, would have an FI value of 0.2 (10/50). In the present study, we adopted a transformed FI equaling to the original FI value multiplied by 100. Hence, the size of LDL-C effect on FI was evaluated on a 100-percentage scale and can be regarded as a relative FI change in response to LDL-C exposure. Relevant details about the FI composition are provided in the appendix. Participants were excluded if they had missing data for 10 or more items (over 20%) or had death certificate dates that preceded dates of attendance at the UKB baseline assessment. The FI proportions used in this study were calculated to be expressed on a 100-point scale. The associations with age, sex and risk of all-cause mortality suggest FI is a valid measure of frailty in UKB [16] .
Instrumental variables for LDL-C
A total of eight aggregated IV sets were adopted to indicate genetically-predicted LDL-C exposure, and the modulation of specific drug targets. For each SNP included in the aggregated IV sets, we defined the effect alleles as the allele associated with lower LDL-C concentrations. A 'large' IV set was constructed by combining all independent SNPs (n = 274) reported to be associated with LDL-C concentrations reaching the genome-wide significance (GWAS) level (P b 5.0 × 10 −8 ) [23] and that were not in LD (pairwise r 2 values b0.2) with all other variants included in it. A 'small' IV, which is more conservative, was constructed using 57 SNPs associated to LDL-C and without strong associations with other lipids (the list is available on http://www. mrbase.org/) [24] . Of those, seven SNPs were excluded due to low quality genotyping in the UKB sample leaving 50 SNPs. Additionally, six gene-specific IVs were constructed for genes that encode the targets of approved or emerging LDL-lowering drugs including HMGCR, PCSK9, NPC1L1, APOB, APOC3, and LDLR. For these IVs, we combined all independent SNPs (pairwise r 2 valuesb0.2) within 100 kb of gene boundaries [25] . A total of 16, 34, 24, 30, 19 , and 30 SNPs, respectively, were included for constructing the six IVs.
Statistical analyses
Selection of the independent SNPs not in LD was performed with the software Plink v.1.9 [26] . The list of SNPs involved in the IVs and relevant information are presented in the appendix (Tables S1 and S2 ). Using Plink, the composed FI was linearly regressed on the variants included in each of the IVs to obtain their effect estimators [26] . We included age, sex, and the first 15 principal components (PCs) as covariates. Stata version 15.1 (StataCorp, College Station, Texas, USA) was used for statistical analyses. The ivreg2 and ivpois commands and the mrrobust package [27] were used to carry out the MR analyses. To address the possibility that the LDL-C may be associated with FI due to underlying associations between LDL-C IVs and cardiometabolic traits (e.g., cardiovascular diseases, type-2 diabetes, metabolic syndrome, etc.), a modified FI (MFI) excluding the seven items related to cardiometabolic health was also used for MR analyses. Moreover, considering that frailty at younger ages is more attributable to non-ageing-related severe diseases or traits, we also investigated the effect of genetically predicted LDL-C on frailty exclusively for participants aged ≥60 years (FI60). The inverse-variance weighted (IVW), MR-Egger regression, weighted median and weighted mode estimators were mainly reported in the MR analyses [19, 21] . All statistical analyses used a two-sided p b .05 threshold to indicate statistical significance.
Sensitivity analyses
To evaluate the stability of our findings we performed several sensitivity analyses. First, given that variants located in the APOE gene (and other loci on chromosome 19 that might be in LD with APOE variants) have particularly pleiotropic effects on multiple lipoproteins, we modified the large and small IVs excluding variants on chromosome 19 [28] . Then we performed MR analyses for the FI effect of genetic LDL-C concentrations instrumented by the modified ones. Second, we performed additional sensitivity analyses on individual-level data, in which we calculated individual genetic risk scores (GRS) for each participant by summing up the number of LDL-C effect alleles at each variant included in each score, weighted by the effect of each variant on LDL-C concentrations measured in per standard deviation (SD) change units. Linear regression models regressing FI on individual GRSs were performed adjusting for covariates age, sex, and 15 PCs in the individual-level analyses. Third, we also adopted more stringent pairwise r 2 thresholds (0.1 and 0.01) in the selection of independent SNPs for constructing the aggregated IVs (the large and six gene-specific ones) to remove nominally correlated estimates among the genetic variants in the aggregated LDL-C IV sets.
Results
LDL-C effects on the FI instrumented by the aggregated IVs
The number of unrelated individuals of European ancestry who contributed to the main analyses was 378,161. In general, protective alleles in LDL-C linked variants were associated with lower FI values ( Table 1) (Table 1) . Interestingly, APOB variants demonstrated a consistent null association with the FI throughout the various analyses. Effects from alleles within the PCSK9 and NPC1L1 loci were inconclusive. Pleiotropy was observed for several variants constructing the large and small IVs (Figs. 2 and 3) . However, the results from the MR-Egger, weighted median, and weighted mode estimates-which can address the pleiotropy in MR analyses-showed great consistency with the IVW estimates (Fig. 4) .
LDL-C effects on the modified FI excluding cardiometabolic deficits
Similar effects of genetically predicted LDL-C concentrations were found for the modified FI (MFI) excluding seven items related to cardiometabolic deficits. The IVW estimates for the MFI effects of LDL-C concentrations instrumented by all eight aggregated IVs showed great consistency with those for the FI effects (Fig. 5) . Corresponding MREgger, weighted median, and weighted modal estimates were also presented (Table S3) , to address potential pleiotropy of the IVs. In general, effect sizes changed slightly but not dramatically.
Genetic effects of LDL-C on FI among participants aged ≥60 years
Larger effects were observed when excluding younger participants b60 years old ( Fig. 5 and Table S4 ). In general, the effect sizes changed by a factor of 0.1 in all estimates indicating greater protective effects from LDL-C on the FI in the older group. Corresponding MR-Egger, weighted median, and weighted mode estimates were also presented, and estimates were to the most parts consistent with the IVW ones (Table S4) .
Results of sensitivity analyses
When excluding the genetic variants located in chromosome 19 from the large and small IVs, the effects from LDL-C on the FI, instrumented by the modified IVs, were consistent with those observed in the main analyses (Table S5) .
To test how relatedness affected the results, a more stringent cut-off (0.0442) for kinship relationship was applied to the data, reducing the number of individuals in the main analysis to 335,034. Most effect sizes remained similar, with the overall conclusion from the main results unchanged (Table S6 ). However, gene-specific variants from the NPC1L1 loci presented a somewhat higher effect size, indicative of a protective effect of NPC1L1 inhibition on frailty, which was also confirmed for the modified FI score and in individuals ≥60 years. To further confirm our findings, age-, sex-, and PC-adjusted linear regression models using individual level GRSs in UKB were applied. Results were concordant with the main analyses, revealing protective effects from genetically determined LDL-C on the FI with statistically significant effects both instrumented by the large and small GRS (Table S7) . Moreover, for the drug-target specific loci, statistically significant protective effects were also observed in the adjusted linear regression modeling for individual HMGCR-, APOC3-, and LDLR-specific GRSs, but not for PCSK9-, NPC1L1-, and APOB-specific GRSs (Table S7 ). The results from the two sensitivity analyses, using a modified FI excluding seven items related to cardiometabolic deficit as the dependent variable in one and excluding the data from relatively younger participants (b60 years) in the other, differed from those in the main analysis to some extent, but remained statistically significant.
Finally when more stringent pairwise r 2 thresholds (0.1 and 0.01)
were used for selecting independent genetic variants to construct the aggregated IVs, the results were still concordant with the main observations (Tables S8-S11 ).
Discussion
In this study, we used an MR design to estimate the effect of longterm lipid-lowering on frailty measured by the FI-akin to overall health profile-accrued by mid-life and late middle-age. We found that individuals predicted to have life-long lowering LDL-C concentrations had substantially lower frailty scores, consistent with, and perhaps exceeding, the degree of cardioprotection expected from lipid lowering. We also profiled gene-specific effects from loci that index the modulation of existing and emerging lipid-lowering drug targets (e.g., HMGCR, APOC3, and LDLR), and found evidence that the on-target effects of classes used to lower LDL-C may contribute notable differences to the overall health of users.
Our work highlights the importance of LDL-C monitoring during the ageing process, especially since the association with the FI was independent of any detected atherosclerotic pathogenesis. To our knowledge, this is the first study to use MR to quantify the effect of lipid lowering Fig. 4 . The IVW, MR-Egger, weighted median, and weighted modal estimates for the FI effects of genetically predicted LDL-C concentrations, stratified by the aggregated IVs. MR, Mendelian randomization; IVW, inverse-variance weighted; LDL-C, low-density lipoprotein cholesterol; IV, instrumental variable; FI, frailty index. on frailty. Some observational studies-results of which are prone to confounding-observed a null or an opposite association between the two [29, 30] . Hypercholesterolaemia may influence frailty via several underlying mechanisms, including the promotion of endothelial dysfunction and inflammation [31, 32] . As an oxidative stress biomarker, modified LDL-C is a pro-inflammatory stimulant present in circulation, affecting local sites in various tissues. Hence it has the capacity to induce inflammation in a variety of tissues [33] . Our inference is also supported to some extent by a randomized clinical trial study demonstrating that regular flavonoids consumption positively affects blood oxidative stress and inflammation end points, etc., resulting in improved LDL-C concentrations and frailty status in parallel [34] .
Epidemiologic evidence also demonstrates that decreasing LDL-C concentrations may promote healthy ageing. Besides lowering CVD risk, other age-related diseases might be mitigated through the lowering of LDL-C concentrations. Geriatric traits and/or diseases with elevated age-related incident risk are often concurrent and correlate, possibly due to shared underlying mechanisms, e.g., oxidative stress, low-grade level inflammation, cell senescence, etc. [10, 35] . Atkins et al. reported that persons aged 60-69 years with more benign cardiovascular risk factor profiles (smoking status, LDL-C, blood pressure, etc.) have substantially lower incidence of geriatric conditions (e.g., chronic pain, incontinence, falls, fragility fractures, and dementia) and frailty [36] . The authors inferred that optimizing CVD risk factors may substantially reduce the burden of morbidity in later life [36] , which is supported by our finding that genetically-predicted LDL-C exposure also associated with the modified FI after excluding cardiometabolic deficit items.
The more pronounced association of LDL-C with frailty in those aged 60-69 years, compared to the association in younger participants, may reflect cumulative and more impactful benefits of LDL-C reductions achieved earlier in the life course [37] . Similarly, another study has observed that maintenance of optimal risk factor profiles in middle-age rather than in later life stages, was associated with substantially longer CVD morbidity-free survival [38] . However, we note that the UKB cohort is not representative of older individuals and were evaluated to have a good overall health status on average [16] . Considering the inconsistency in the effects of LDL-C lowering therapeutics (e.g. statin use) on CVD risk events, all-cause mortality, etc. among the older adults (e.g., those aged ≥75) [39] [40] [41] [42] , it is not clear whether our findings would extend to show benefits of LDL-C reduction for overall health this far into the life course.
In gene-specific models, which to some extent mimic the effects of long-term exposure of individuals to the modulation of lipid-lowering drug targets, most of the corresponding therapeutics (including statins) would be predicted to reduce frailty. Owing to the analogy of an MR analysis and a randomized clinical trial [14] , our gene-specific IV findings also suggested the several instrumental LDL-C lowering therapeutics affect frailty of different magnitudes. However, this cannot be verified due to unavailable RCT evidence. Prior observational evidence along these lines has been inconsistent. A prospective cohort study of 383 residents aged ≥65 years found that the risk of mortality, all-cause hospitalizations, and incidence of falls during the 12-month follow-up were lower among statin users than non-users [43] . In contrast, an observational study of statin use and incident frailty in women aged 65 years old or older failed to observe associations between current statin use, duration and potency of statin use and incident frailty [30] . However, among users of low potency statins, longer duration of use was associated with reduced risk of frailty [30] . Some other observational studies have suggested effects of LDL-C lowering therapeutic exposure on other diseases or traits besides CVDs although inconsistency exists [1, 2, 44, 45] . On the other hand, the relative magnitude of FI decrement showed differences when using different gene-specific IVs. For instance, the PCSK9 and APOB estimates were more modest or null compared to the HMGCR estimates, despite each being estimated to confer approximately the same degree of protection from CAD per unit lowering of LDL-C. This implies that modulating these targets could have detrimental effects on overall health via other (i.e. non-LDL related) pathways compared to statin use [46] .
There are several strengths in our study. First, genetically-predicted LDL-C concentration is observed to associate with the overall health of European population for the first time in UKB. The association is independent of cardiometabolic traits, and stronger among older individuals. These findings emphasize LDL-C's role in biological ageing besides atherosclerosis processing. Second, studying these hypotheses with MR means that findings are far less likely to be prone to confounding than conventional observational epidemiology, and not subject to reverse causation (that disease processes have influenced exposure status). Third, the substantial sample with detailed health and genetic data in UK Biobank provided our study with good precision for estimates, and enabled us to present results using both summary and individuallevel data, as well as several sensitivity analyses to scrutinize the genetic associations in several ways.
Several limitations are also worth noting. First, directly detected serum LDL-C concentrations were not available for the individuals in the UKB cohort at the time of the study conduct. Hence, effects of the selected variants for LDL-C IV construction could not be verified directly in this study. Second, the UKB is subject to healthy cohort effect. That may limit the extensionality of our findings to other population with a different health status. Third, just as drug target models only encompass ontarget (while not off-target) effects of using the related therapeutics, our genetic results for drug targets cannot reflect the pharmacokinetics of drug use. Our estimates from the gene-specific models cannot incorporate secondary effects on health outcomes of using these classes (i.e. where a drug affects other proteins besides the primary target, which are 'off-target').
In conclusion, our results may provide evidence for the efficacy of LDL-C lowering (and the specific benefits of several related therapeutic classes) in the maintenance of overall health in ageing, and perhaps for the prevention of treatment of age-related diseases other than CVDs. Future studies should help to evaluate the relationship between the lifelong lowering of LDL-C concentrations and other specific geriatric diseases and/or traits. The implication that different LDL-C lowering therapeutics could affect frailty at differing degrees may also indicate need for pharmacovigilance regarding recently introduced drug classes, such as PCSK9 inhibitors and ApoB antisense therapeutics. All these results may provide some evidence for the efficacy of LDL-C lowering therapies in the treatment of age-related diseases other than CVDs. Continued follow-up of clinical trials of lipid-lowering medications, including an array of health indicators for multiple health domains, may help to confirm both beneficial and any detrimental effects of lipid-lowering by specific means on frailty.
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